The Drosophila Genetic Reference Panel (DGRP) serves as a valuable resource to better understand 18 the genetic landscapes underlying quantitative traits. However, such DGRP studies have so far only 19 focused on nuclear genetic variants. To address this, we sequenced the mitochondrial genomes of 20 >170 DGRP lines, identifying 229 variants including 21 indels and 7 frameshifts. We used our 21 mitochondrial variation data to identify 12 genetically distinct mitochondrial haplotypes, thus revealing 22
important population structure at the mitochondrial level. We further examined whether this population 23 structure was reflected on the nuclear genome by screening for the presence of potential mito-nuclear 24 genetic incompatibilities in the form of significant genotype ratio distortions (GRDs) between 25 mitochondrial and nuclear variants. In total, we detected a remarkable 1,845 mito-nuclear GRDs, with 26 the highest enrichment observed in a 40 kb region around the gene Sex-lethal (Sxl). Intriguingly, 27 downstream phenotypic analyses did not uncover major fitness effects associated with these GRDs, 28
suggesting that a large number of mito-nuclear GRDs may reflect population structure at the 29 mitochondrial level rather than actual genomic incompatibilities. This is further supported by the GRD 30 landscape showing particular large genomic regions associated with a single mitochondrial haplotype. 31
Next, we explored the functional relevance of the detected mitochondrial haplotypes through an 32 association analysis on a set of 259 assembled, non-correlating DGRP phenotypes. We found multiple 33 significant associations with stress-and metabolism-related phenotypes, including food intake in males. 34
Introduction 39
Phenotypic variation is driven by genetic and environmental factors. Genome-wide association (GWA) 40 studies attempt to identify the relationship between genotype and phenotype. However, these studies 41 are often limited by the sole use of nuclear variants 1 despite the fact that some recent GWA studies 42 have revealed associations between mitochondrial genomic variants and obesity, type 2 diabetes, 43 multiple sclerosis, and schizophrenia in humans 2-5 . The detection of these mitochondrial variants tends 44 to be challenging due to the relatively low extent of mitochondrial genetic variation as compared to the 45 nuclear genome. Other challenges that complicate the detection of genetic determinants (both 46 mitochondrial and nuclear) in human populations involve non-standardized lifestyles, cultural 47 differences and upbringing, and genetic background (population stratification) 6 . 48
Complementary studies using higher model organism-based genetic reference populations, 49 such as the mouse BXD 7 or Drosophila Genetic Reference (DGRP) panels 8-10 , are in this regard 50 advantageous since phenotyping is performed in a controlled environment and the genetics, or 51 8 mapping short reads to the 4.5 kb AT-rich repeat region. The resulting set of mitochondrial variants was 207 annotated with snpEff v4.2 23 using the following parameters: -no-downstream -no-upstream - no-utr. 208 Overall statistics on the number of reads and coverage per sample can be found in Supplementary  209   Table S4 . Randomly selected variants were verified via Sanger sequencing of multiple loci for particular 210 DGRP lines ( Supplementary Table S5 -S6). 211
Detection of nuclear encoded mitochondrial DNA fragments (NUMTs) 212
We assessed the presence of mitochondrial fragments integrated in the nuclear genome (NUMTs) using 213 methods described earlier 24 . First, using our mouse mitochondrial sequence data, the putative location 214 of NUMTs was detected by aligning the mouse mitochondrial reference genome (mm10, UCSC, 215 10 max-missing 0.88) 31 . Moreover, to prevent the inflation of the number of statistical tests, we reduced 283 our set of mitochondrial variants to haplotype-defining variants and three remaining variants 284 representing unique clusters (see Population structure section in Methods). Heterozygous variants 285
were not used and marked as missing data. After applying these filters, a set of 12 mitochondrial 286 variants remained which were used for further downstream analysis ( Supplementary Table S8 ). The 287 set of nuclear variants were selected by converting the dm3-based DGRP2 VCF 8,9 to dm6 via CrossMap 288 v0.2.5 32 . Applying the same filters as for the mitochondrial variants resulted in 1,722,758 nuclear 289 variants that were used for the analysis. We further restricted the calculations to include only those 290 pairs of variants for which at least 150 DGRP lines had confident variant calls for a given mitochondrial 291 and nuclear variant combination. For each combination of mitochondrial and nuclear variants, a χ 2 -test 292 was performed. We adjusted p-values to correct for multiple testing according to a 4-step procedure 293 described in section 7 by Benjamini and Bogomolov (2014) 33 . First, we calculated a p-value of a χ 2 -test 294 for each of 1,722,758 x 12 mito-nuclear variant combinations. Second, the intersection hypothesis was 295 computed as Simes test for every tested nuclear variant using set of 12 p-values. Second, we applied 296 a Benjamini-Hochberg (FDR) procedure to all the 1,722,758 p-values calculated at previous step and 297 selected 14,643 p-values with an FDR < 0.1. Then, we selected 14,643 nuclear variants for which the 298 p-values passed the threshold and applied a Benjamini-Hochberg correction (FDR) procedure to all 299 raw, computed p-values at step 1 (χ 2 -test p-values (12 x 14,463)). Fourth, a selection was made 300 between mito-nuclear variant pairs for which the FDR computed in the previous step was less than the 301 nominal FDR cut-off (0.1 / 1,722,758) multiplied by the number of the selected mito-nuclear variant 302 pairs from the previous step (14, 463) . The resulting cut-off was then 8.5 x 10 4 . Finally, in line with 303
Corbett-Detig et al. 2013 30 , we only considered mito-nuclear GRDs that contained at least one putative 304 significant GRD on either flanking side within a 50 bp range (see Supplementary Table S9 -S10). 305
Selection and crossing of populations to assess mito-nuclear incompatibility 306
To empirically assess whether complete genotype ratio distortions reflect mito-nuclear incompatibility, 307 we selected DGRP lines following a set of parameters to test experimentally. First, we selected lines 308 that contained the alternative alleles for the linked nuclear variants 2L_8955411_SNP, 309 2L_8955426_SNP, and 2L_8955438_SNP which are located in the gene CG31886 and the reference 310 allele for X_9007384_SNP located in rdgA. These lines were further restricted to the ones with the 311 alternative alleles for mitochondrial variants chrM:2349_SNP, chrM:5500_SNP, chrM:11128_SNP, 312 chrM:12682_INDEL, and chrM:12898_SNP. We dubbed this configuration 'AA', the first letter indicating 313 the nuclear allele (alternate, from the CG31886 perspective) and the second the mitochondrial allele 314 (also alternate). Second, to reduce effects of genomic inversions, we selected those lines without 315 inversions. Third, we were further restricted to select populations containing Wolbachia given the 316 limitations by the previous criteria. Next, we selected lines with the 'RR' configuration (= reference 317 nuclear (CG31886 perspective) and reference mitochondrial alleles). Again, only lines were selected 318 that were infected with Wolbachia and had no genomic inversions. To mitigate the effects of other 319 mitochondrial variants, we used populations with similar mitochondrial haplotypes. Therefore, we 320 selected lines from the consensus mitochondrial haplotype directly or those only differing one 321 mitochondrial variant from the consensus mitochondrial haplotype ('Central MH', see methods below). 322 11 Finally, applying these selection criteria, we selected the following lines with the AA configuration: 323 DGRP_189, DGRP_801, DGRP_882. And for the RR configuration: DGRP_153, DGRP_287, 324 DGRP_306 where DGRP_287 was selected from lines that differ only one mitochondrial variant from 325 the consensus mitochondrial haplotype (see Supplemental Table S11 and Supplemental Figure S2  326 for the crossing scheme). 327
Development assay for the mito-nuclear complete GRD populations 328
To test if mito-nuclear incompatibility was responsible for the complete CG31886/rdgA-GRD, we 329 assessed the impact on Drosophila development. We measured the development time from egg to 330 adult on hybrid-F2 and on flies that were further backcrossed to F10 populations (see Supplemental  331 Figure S2 for the crossing scheme). The F2 generation is the first generation in which 50% of the 332 offspring have the homozygous reference nuclear variant (CG31886 perspective) combined with the 333 alternative mitochondrial variants (the 'RA' configuration). We cannot exclude the potential influence of 334 genetic interactions that may occur from other loci and we assume that these would be wide-spread 335 throughout the genome and throughout the offspring. For the collection of eggs of each population, we 336 used demography cages containing 75 female F1 hybrid offspring from AA females and RR males and 337 crossed these to 75 RR males. As a control, we backcrossed 75 male F1 hybrid offspring from AA 338 females and RR males with 75 RR females. On the bottom of each demography cage, 60 mm petri 339 dishes containing grapefruit juice agar plates were mounted on which a small amount of fresh yeast 340 paste was placed on the agar. Plates and yeast paste were replaced daily, and on the third day, eggs 341 were collected in two-hour intervals. Development time was adjusted accordingly. Per cross, three 342 replicates were used containing 50 eggs per replicate. We used a blocking scheme to prevent potential 343 confounding effects from the placement of the replicates. We applied a similar setup for the 344 measurement of the development time of the F10 generations although we did not cross these to AA 345 lines after the initial F10 emerged. Statistics for the development time were analysed using SAS JMP 346
Statistics v9. 347

Climbing activity for mito-nuclear complete GRD populations 348
To assess the climbing ability of the CG31886/rdgA-GRD lines, we used 4-to 5-day old females of the 349 F10 generation. Per population, we used three biological replicates, each containing 10 females. 350
Sorting of the flies under CO2 anaesthesia was done 22-24 hours prior to the experiment to avoid the 351 effects of the anaesthetics on the experiment. On the day of the experiment, tubes with flies were 352 mounted on a Drosoflipper rack (http://drosoflipper.com), which allows for the measurement of 10 tubes 353 at the same time. Prior to the experiment, all flies were transferred to empty tubes marked at a specific 354 height (7 cm) and were mounted on the other side of the Drosoflipper rack. The Drosoflipper rack with 355 the flies was then tapped, after which the climbing of the flies was recorded. Scoring was done by 356 calculating the fraction of flies in the tube that were able to pass the marked line 10 seconds after the 357 tapping stopped. Technical replicates were repeated at 1.5-minute intervals. Positioning of the tubes 358 was randomized so that no genotype was always placed at the same location in the Drosoflipper rack. 359
Experiments were performed between 08:30 and 10:00 AM (Light cycles from 08:00-20:00). 360 361 12 362
GRD-phenotype association analysis 363
To uncover the potential relationship between genotype ratio distortions (GRDs) and fitness 364 phenotypes, we first assembled a compendium of >600 publicly accessible DGRP phenotypes (Bevers 365 et al., in prep.) and selected 76 phenotypes that we considered as putative proxy read-outs of "fitness" 366 after which we further reduced this list to 29 independent, uncorrelated fitness phenotypes (see 367 Supplementary Table S12 for the source). The following steps will therefore be applied to the set of 368 29 uncorrelated fitness phenotypes. For each of the 1,845 detected GRDs, we assessed the enrichment 369 of a given mito-nuclear allelic combination in the top and bottom 20% of a given fitness phenotype using 370 a hypergeometric test, resulting in eight tests per GRD per fitness phenotype. We restricted our analysis 371 to only those GRD-phenotype pairs in which 100 DGRP lines were genotyped for both the mitochondrial 372 and nuclear variants, and which had a phenotypic measurement. 373
To perform multiple testing correction, we applied the 4-step procedure developed by Benjamini 374 and Bogomolov (2014) to each of the eight sets of tested mito-nuclear genetic combinations and 375 phenotypes. First, for every GRD, we calculated the intersection hypothesis via a Simes test on 29 p-376 values (from each phenotype) obtained from the hypergeometric test. Second, we applied a Hochberg (FDR) procedure to all the 1,845 p-values calculated at the previous step and selected 378 adjusted p-values with an FDR < 0.2. Out of the eight sets of tested mito-nuclear allelic combinations 379 and phenotypes, only the (mito)ALT-(nucl)REF combination yielded three significant p-values for 380 chrM:7424-chr3R_24564153, chrM:7424-chrX_14792890, chrM:7424-chrX_14792895 passing that 381 threshold (raw p-values: 1.2e-06, 1.72e-06, 1.72e-06 respectively). Third, we selected raw p-values 382 calculated at step 1 for the three mito-nuclear allelic combinations (in (mito)ALT-(nucl)REF configuration 383 only) mentioned at the previous step, yielding a matrix of 3 x 29 p-values to which we applied a FDR < 384 0.2 correction to. The p-value cut-off for the final stage was obtained by multiplying the nominal FDR 385 cut-off (0.2 / 1845) with the number of selected mito-nuclear allelic combinations from step 3. This is 386 done in order to control for the FDR on both GRD and phenotype levels in accordance with the first 387 theorem in Benjamini and Bogomolov (2014) . 388
Mitochondrial haplotype association analysis 389
For a mitochondrial genome-wide association analysis, we would be unable to use most of the 390 mitochondrial variants that we detected because of the low allele frequency and pruning of the 391 remainder of the variants resulted in the haplotype-defining variants. We therefore used the haplotypes 392 for our association analysis. We again employed the assembled compendium of >600 publicly 393 accessible DGRP phenotypes (Bevers et al., in prep.) which was reduced to 254 uncorrelated 394 phenotype groups detected via hierarchical clustering. Subsequently, the association analysis was 395 performed in two parts. First, to reduce the impact of multiple test corrections, we performed an ANOVA 396 on each phenotype to screen for signatures of variation using a relaxed p-value cut-off of 0.3. This 397 resulted in 12 phenotypes in which we may detect variation. For each of these 12 phenotypes, we 398 employed a Tukey's HSD test to detect significant differences (p < 0.05) between the haplotype pairs 399 (see Supplementary Table S13 ). 400 13 401
Assessment of feeding behaviour of Drosophila 402
Measuring the feeding behaviour of Drosophila was done using the CAFE method 34 with a few 403 adjustments, such as the fact that we exposed the flies to a 2-hour starvation period (instead of an 18-404 hour period). In our hands, various extreme food intake lines did not survive the starvation period or 405 were more susceptible to it (data not shown). After this adjustment, results of Garlapow et al. (2015) 34 406 and ours correlated in their pattern. Furthermore, we used five biological replicates per genotype or 407 cross, each consisting of six 5-to 7-day old male flies that were placed in a tube containing 5 mL of 408 1.5% agarose medium. Two 5 µL capillaries (Aldrich BR708707) filled with a freshly prepared solution 409 composed of 4% sucrose, and 0.1% (w/v) erioglaucine disodium salt (Sigma 861146) were placed in 410 each vial 2 hours after starvation (at 10:00 AM). The starting position of the solution was marked prior 411 to the placement of the capillaries in the vials. We also placed capillaries in a tube with the agar solution 412 but without flies which would be used to correct for evaporation of our sucrose solution 34 . Flies were 413 allowed to feed for 10 hours at which point the capillaries were removed and imaged for further scoring. 414
Finally, we analysed the food intake using ImageJ by measuring the total length up to the mark and 415 subtracting the length of the leftover blue sucrose solution. Food intake was corrected by the number 416 of flies left at the end of the assay and by the evaporation that occurred in the empty vials. 417
Results 418
A robust mitochondrial DNA enrichment workflow 419
To achieve high mitochondrial DNA (mtDNA) sequencing coverage with the aim of increasing the 420 overall confidence in variant calling, we developed a new approach for preparing mtDNA-enriched 421 sequencing libraries. Briefly, building on an existing mitochondrial extraction method 16 , we used 422 differential centrifugation to isolate mitochondria from 40x whole body w 1118 flies (Figure 1a) . For the 423 extraction of mtDNA from the previous step, we used a phenol:chloroform:isoamylalcohol extraction 424 method and isopropanol precipitation 35 . To assess the efficacy of our method, we measured the amount 425 of mtDNA fragments versus nuDNA fragments in mitochondria-enriched samples and whole organism 426 DNA samples via qPCR, revealing high mtDNA enrichment (Figure 1b) . Subsequently, we tagmented 427 the mtDNA with an in-house produced Tn5 transposase 17 to produce mtDNA-enriched sequencing 428 libraries. After amplification of the libraries, the enrichment of mtDNA was still present and nuclear 429 genomic regions were not preferentially tagmented or over-amplified during the library preparation step 430 (Figure 1b) . 431
A particular concern for the detection of mitochondrial variants is the potential contamination of 432 nuclear genome-encoded mitochondrial genes or fragments (NUMTs). To assess the purity of obtaining 433 mtDNA-only fragments, we compared the presence of NUMTs in our sequence data to the presence of 434 NUMTs in public datasets. To our knowledge, there is no mtDNA-enriched sequence data available for 435
Drosophila melanogaster. Therefore, in parallel, we extracted mtDNA from C57BL/6J mouse liver and 436 prepared libraries in a similar fashion to infer the potential and effect of our method on the presence of 437 NUMTs. We compared our method to three existing mtDNA sequencing methods for mouse liver 438 samples 24 and observed a significantly lower percentage of reads mapping to NUMTs using our 439 approach. This shows the efficacy of our approach in yielding highly pure mtDNA (Figure 1c) . 440
The robustness of our mtDNA enrichment approach on both Drosophila and mouse samples 441 persuaded us to employ this technique for the whole set of DGRP lines that was available, consisting 442 of 169 lines. In addition, we generated replicate samples for the common reference lines iso-1, Oregon-443 R, and w 1118 . We obtained a median coverage per sample of 772X (min: 31X, max 4071X, 444
Supplementary Figure S3 ). 445
Since no Drosophila mtDNA sequencing dataset is to our knowledge currently available, we 446 compared our sequencing coverage to the initial DGRP sequence data 8 . This dataset was derived from 447 whole fly DNA sequencing of all DGRP lines with 134 of these overlapping with our study. Considering 448 the mtDNA coverage profile per sample (Figure 1d ), we found that the normalized mitochondrial 449 genomic coverage of the two studies is comparable. In both our datasets, similar drops in coverage can 450 be observed, and most strikingly in the 5 kb AT-rich repeat region, which is likely driven by GC-content 451 fluctuations in the mitochondrial genome, given the strong (Spearman r 2 = 0.802 [This study] and 0.889 452 [Mackay et al. 2012 ] 8 ) correlation between this parameter and normalized coverage. However, and 453 importantly, our dataset yielded on average a more than six-fold greater coverage per bp across the 454 accessible mitochondrial genome (Figure 1d ). This is further accentuated within the raw coverage of 455 overlapping lines where in our data, 13 lines have loci with a coverage <10X with a median of 61 loci 456 15 per line being affected versus 43 lines with a median of 256 loci in the Mackay et al. 2012 8 data 457
( Supplementary Table S14 ). Considering that we multiplexed on average 70 samples per sequence 458 run, this further illustrates the efficacy of our newly described mtDNA isolation approach in robustly 459 enriching for sequencing-compatible mtDNA while minimizing contamination of nuclear genome-460 derived sequences, including NUMTs. 461 462 A comprehensive DGRP mtDNA variant catalogue 463
Next, using the GATK Gold Standard pipeline (2016), we identified mitochondrial variants for 169 DGRP 464 lines and the 3 commonly used reference lines (Figure 2a , and Supplementary Figure S1 for the 465 pipeline overview). We focused on detecting variants in the coding region (bp 1 to 14,917) of the 466 mitochondrial genome because of limited coverage of the AT-rich repeat region. Overall, we detected 467 231 DGRP specific variants yielding ~1 variant every 65 bp (Figure 2a , Supplementary Table  468 S7+S15), with individual populations having on average 22 variants (~1 variant per 680 bp per DGRP 469 line, Supplementary Figure S4 ). We found that the majority (91%) of mitochondrial genomic variants 470 within the DGRP consists of single nucleotide polymorphisms (SNPs) with each line also containing at 471 least one multiple nucleotide polymorphism (MNP) (see Figure 2b ). Furthermore, out of 169 DGRP 472 lines, 161 contained an insertion or deletion (indel). While the majority of indels and MNPs occurred in 473 two or more DGRP lines, most of the detected SNPs had a low minor allele frequency (MAF < 1%) and 474 were in fact unique for a given line (Figure 2c) . It is unlikely that these unique variants were affected 475 by low coverage or sequencing errors as we found a median coverage of 892X (min 15X, max 3871X, 476 mean 1132X) for these line-specific variants. Moreover, of the 22 variants that we verified using Sanger 477 sequencing, we reached a 100% accordance while two variants were not detected in our mitochondrial 478 DNA enriched sequencing data ( Supplementary Table S6 ). Since the accessible mitochondrial 479 genome largely consists of coding regions, we evaluated whether the variants have a potential 480 functional impact or whether these mostly lead to synonymous substitutions (Figure 2a inner panel). 481
Nearly half (49%) of the SNPs that were not located within a tRNA or ribosomal RNA were missense 482 variants. In general, synonymous variants had a higher minor allele frequency than missense variants 483 (0.027 vs. 0.009, respectively) suggesting that DGRP line-specific SNPs are likely missense variants. 484
At the gene level, especially mt:ATPase6 (80%) and mt:Cyt-b (67%) were proportionally more affected 485 by the presence of missense variants (amino-acid replacements, see Figure 2d ). 486
Heteroplasmic sites in the mitochondrial genome of Drosophila melanogaster have been 487 observed after ~200 generations of mutation accumulation 36 . Within the DGRP, we identified 32 488 heterozygous variants in 140 lines, reflecting either within population segregation or true heteroplasmic 489 sites, and 92 lines had only one such heterozygous variant. The majority of these 32 variants (29) were 490 only observed once spread over 19 lines, another was present in two DGRP lines, while there were two 491 common variants, both being intergenic. The first, chrM:6047, is an intergenic deletion of 5 bp located 492 between mt:tRNA:A and mt:tRNA:R. We found that this intergenic deletion is present in 120 lines with 493 a median of 35% of the reads for that site being the alternative variant (Figure 2e) . The second, 494 putatively heteroplasmic variant resided at chrM:5960 between mt:ND3 and mt:tRNA:A. This locus was 495 16 picked up during our variant calling because the multiple (>2) alternative AT-repeat alleles were 496 particularly challenging for read mapping due to their repetitive nature. We therefore specifically 497 targeted individual reads containing both the flanking sequences of this locus to accurately resolve the 498 variants within this region (Supplementary Figure S5a) . We identified that this putatively heteroplasmic 499 intergenic indel followed a distinct pattern of [AT]x3[T]x1[TA]x8 in the reference genome with the largest 500 variant among the DGRP lines showing a TA-tail containing 12 repeats. Moreover, this intergenic region 501 contained substantially more alternative types detecting 15 unique alternative variant types, with each 502 line having a mean of 1.4 types supported by >10 reads. We verified this locus via Sanger sequencing 503 for randomly selected DGRP lines and two reference lines and found that the identified type via Sanger-504 seq, is also the type with the maximum number of reads for that particular line (Supplementary Figure  505 S5b, Supplementary Table S6 ). Supplementary Table S16 ). 514
Mitochondrial variants within the DGRP have previously been investigated to study coevolution 515 of the Wolbachia endosymbiont and the Drosophila melanogaster mitochondria 11 . As part of the 516 validation of our identified mitochondrial variants, we compared our findings. We realigned our data to 517 the compound genome dm3: chrU, ch3L 10Mb-11.2.Mb and Wolbachia in accordance with previous 518 reports. Using the 134 lines that overlapped between our datasets, we found 115 out of 182 total 519 mitochondrial variants to be present in both datasets (Figure 2f ). Furthermore, we detected 59 520 mitochondrial variants that are unique to our dataset. Additionally, eight mitochondrial variants were 521 unique to the previous study 11 . Of these eight, seven were previously considered heterozygous whereas 522 we solely detected the reference allele. 523
We also assessed whether a correlation exists between the presence of Wolbachia and 524
Drosophila mitochondrial variants given the coevolution between the two species 11 , but we did not find 525 such relationship (Supplementary Figure S4) . 526 527 528 529
Mitochondrial haplotypes of the DGRP 530
While the majority of the detected mitochondrial variants were detected in single DGRP lines, 50 531 variants were detected in 5 or more lines. We therefore postulated that mitochondrial haplotypes may 532 be present within the DGRP. We used the TCS method that employs statistical parsimony and takes 533 the variation within the entire mitochondrial genome into account to separate potential 534 haplotypes 12,29,37,38 . This approach revealed a multitude of haplotypes with most notably, a clear central 535 mitochondrial haplotype, which we dubbed the 'Central MH', consisting of 15 DGRP lines. Next, to 536 generate a more refined set of haplotypes, we manually curated the clusters according to the following 537 criterion: a haplotype is formed when a particular variant or set of variants are shared by >5 DGRP lines 538 but not by the Central MitoHap or another haplotype. Lines that could not be placed in distinctive 539 haplotypes were placed in the 'Outgroup MH'. Using this criterion, we identified 12 haplotypes specific 540 for DGRP lines consisting of an average of 10 lines per haplotype (Figure 3a ; Supplementary Table  541 S17). The reference strains w 1118 and Oregon-R each formed their own haplotype. 542
We tested the validity of these haplotypes by measuring the genetic distance between them 543 using Hedrick's G'ST genetic distance estimator (Figure 3b) . Overall, the haplotypes clearly separated 544 from one another, implying that the parameters that we used to construct these haplotypes seem to fit. 545
Nonetheless, we also observed three haplotypes MH4, Central MH and the Outgroup MH with a higher 546 genetic relatedness. However, and remarkably, permutation of the DGRP lines of each haplotype 547 resulted in a complete loss of relatedness (Figure 3c ). These two observations suggest that the TCS 548 method provides a solid basis for the detection of mitochondrial haplotypes in the DGRP. 549 Furthermore, given that the haplotypes were constructed using the entire set of mitochondrial 550 genomic variants, we assessed whether common variants with a minor allele frequency (MAF) > 0.05 551 can discriminate the mitochondrial haplotypes. The detection of these common haplotype-specific 552 variants would facilitate further downstream analysis and its usage in phenotype association analyses. 553
Of the 34 variants that have a MAF > 0.05, we detected that approximately half of these are haplotype 554 specific, allowing the separation for each of the detected haplotypes (Figure 3d ). However, MH7a and 555
MH7b could not be distinguished at the level of MAF > 0.05 because the separating variant had a lower 556 allele frequency (see also Supplementary Table S8 ). Interestingly, we found that various variants are 557 seemingly linked in particular haplotypes. For instance, we observed five haplotype-specific variants for 558 MH3, and two for MH1, MH2, and MH8b. The relative large physical distance between some of these 559 variants (nearly 10 kb in the most extreme case in MH3) is consistent with the notion of reduced 560 recombination in the mitochondrial genome of Drosophila melanogaster 12 . 561 562 Mitochondrial population structure in the DGRP is imprinted on the nuclear genome 563
The population structure that we observed at the mitochondrial level is particularly interesting given that 564 the DGRP started off from 1,500 isofemale lines obtained from a single geographical location. Many 565 lines did not survive the inbreeding process which may be an indication of selection of either nuclear 566 epistatic effects or mito-nuclear epistatic effects. We therefore investigated whether there is a 567 relationship between mitochondrial and nuclear variants by screening for genotype ratio distortions 568 (GRDs) 30 . 569
GRDs can be analysed by assessing all mito-nuclear variant allelic combinations which passed 570 the chi-square test on significance (putative GRDs), or in a more conservative manner where a so-571 called pass-neighbour threshold is applied, meaning that a GRD is only accepted when it has an 572 additional significant GRD down-and upstream within a region of 50 bp. Within the DGRP, the linkage 573 disequilibrium (LD) at this point (50 bp) drops below 0.3 9 . To find large regions affected by GRDs, we 574 first explored the overall landscape of all putative GRDs without applying the pass-neighbour threshold. 575
Due to the linkage between certain mitochondrial variants, these GRDs can largely be considered as 576 mitochondrial haplotype-specific. Therefore, we hypothesized that large genomic haplotype-specific 577 GRD blocks would be detectable if population structure is indeed present. 578
We indeed observed large regions that were particularly associated with GRDs for a specific 579 mitochondrial haplotype (Figure 4) . Interestingly, one of the largest regions was located on 580 chromosome 2L from ~2.5 MBp to ~11 MBp containing GRDs associated with MH7. Likewise, on 581 chromosome 3L, we found a region spanning approximately 6 MBp from ~3 MBp to ~9 MBp associated 582
with GRDs for MH1. Moreover, these regions did not seem to be affected by LD, nor by major known 583 inversions that may reside in the DGRP. 584
Given that we observed large genomic haplotype-specific GRD blocks, we further assessed 585 whether particular haplotypes had more GRDs than others by using GRDs computed with the pass-586 neighbour threshold. Overall, we detect 1,845 GRDs (mito-nuclear allelic pairs, Supplementary Table  587 S9). Most of the GRDs that we detected were associated with MH1 (Figure 5a ). This is in line with the 588 observation of several large genomic regions associated with GRDs for MH1. While MH1 is the largest 589 haplotype (n = 18 lines), the number of GRDs detected for each haplotype was not correlated with the 590 haplotype size. For instance, MH3 had the second most GRDs (282) whereas the haplotype consisted 591 of 10 lines and MH2 consisting of 9 lines had the third most GRDs (229). When we explored the 592 distribution of significant GRDs over the chromosomes, we found that the greatest density is linked to 593 chromosome 2L (504) and the lowest to chromosome 2R (185) (Figure 5b , Supplementary Table  594 S10). This also suggests that the number of GRDs is not affected by chromosome length. Moreover, 595 certain haplotypes seemed specific to particular chromosomes. For example, MH7 (the mitochondrial 596 variant is shared by MH7a and MH7b) was essentially unique for GRDs on chromosome 2L, whereas 597 MH1 was largely spread over chromosomes 3 and X. These findings suggest that the mitochondrial 598 population structure is reflected onto the nuclear genome, and in particular affects specific 599 chromosomes. 600
Given that particular chromosomes were associated with haplotype-specific GRDs, we 601 investigated whether particular genes are proportionally more affected by GRDs and whether genomic 602 regions are reflective of the mitochondrial haplotype. We examined whether particular nuclear genes 603 (and surrounding regions (2 kb)) are more associated with mito-nuclear GRDs than others. 604
Interestingly, the top gene affected by GRDs was sex-lethal (Sxl), containing 52 unique mito-nuclear 605 allele pairs (Figure 5c ). Moreover, we found that the subsequent top 5 genes (CG4615, fz4, mir-4956, 606 CG8300 and CG4617) associated with GRDs are within the same gene region as Sxl on chromosome 607 X, indicating that this 40 kb region can be considered as a strong GRD locus (Supplementary Figure  608   S6 ). Interestingly, all of these GRDs were associated with MH1, further supporting our observation that 609 the mitochondrial population structure is reflective of nuclear population structure. 610 611
Genotype ratio distortions do not majorly affect fitness 612
Most of the GRDs that we detected were so-called 'incomplete' GRDs. Incomplete GRDs are 613 those in which all mito-nuclear allelic combinations are present, however the distribution is distorted, 614 whereas in complete GRDs there is a full absence of a particular mito-nuclear allelic combination. To 615 assess whether GRDs have a phenotypic impact, we investigated their effect on fitness phenotypes. In 616 total, we observed 22 complete GRDs, located on chromosomes 2L, 3L, and X (Supplemental Figure  617   S7 ). These were linked to four different haplotype representative variants for MH1, MH3, MH6, and 618 MH11. For MH1, four GRDs were located in the intergenic region between the genes vvl and CR45115. 619
Six GRDs were detected for intronic variants in the gene rugose associated with MH6 whereas three 620 variants in the 5'UTR region of CG13707 were associated with MH11-specific GRDs. Finally, we 621 detected that MH3 had nine complete GRDs. Five of these were located in the introns of CG7110, and 622 one in rdgA. While CG7110's function is unknown, rdgA encodes a diacylglycerol kinase and has been 623 implicated in odour response 39 , lifespan 40,41 , and starvation resistance 40 . Moreover, and interestingly, 624 the remaining three variants were synonymous SNPs in the gene CG31886. Like CG7110, the function 625 of this gene is largely unknown, however CG31886 has been linked to increased ethanol sensitivity 47, 48 . 626
Given that the CG31886-GRD associated variants were exonic and that this haplotype 627 displayed the highest number of complete GRDs, we decided to investigate the functional relevance of 628 these complete GRDs. We found that all of the MH3 DGRP lines have the alternate variants for the 629 CG31886 locus, and thus have the same allelic configuration (Figure 5d ). We hypothesized that if an 630 allelic combination of a locus is truly genetically incompatible, we would expect a decreased fitness. 631
We assessed if DGRP lines would show developmental or activity defects. Briefly, we crossed females 632 of DGRP lines containing the mitochondria of interest with males that had the nuclear reference 633 background (Figure 5e ). This resulted in the generation of F1 lines that had the 'alternate' mitochondria 634 with a heterozygous nuclear background. The F1 females were used to build populations in which the 635 allelic combination of interest was imposed ('AC-imposed' = ACI) by backcrossing with males containing 636 the nuclear reference background. The F1 males were used to backcross populations to their original 637 nuclear background ('AC-rescue' = ACR). These AC-rescue lines would thus retain residual nuclear 638 fragments of the 'alternate mitochondrial' lines making the comparison fairer rather than using the 639 parental DGRP lines directly. Further backcrossing while maintaining the mitochondria of interest (or 640 rescue) resulted in F10 populations (see material and methods, and Supplementary Figure S2 for a 641 more detailed description). This resulted in the generation of nine lines (3x3 parental strains) that had 642 the allelic combination imposed ('AC-imposed') and nine lines that were backcrossed towards their 643 original state ('AC-rescue'). Any phenotypic variation between an imposed and a rescue line should 644 theoretically be the result of a specific mito-nuclear genetic interaction. 645
To assess overall fitness, we measured the development time of the F2 and F10 lines. In the 646 F2 generation, we obtained the first generation of flies that have a homozygous nuclear background for 647 the locus of interest. However, since the nuclear background of the F2 flies is still largely mosaic, we 648 also further backcrossed to F10. Contrary to expectations, we observed a small but significant effect in 649 the development time where the imposed-AC crosses developed faster than the rescue-AC group in 650 20 the F2 generation (Wilcoxon; p = 0.048) and a large significant effect in the F10 generation (Wilcoxon; 651 p < 1x10 -4 ) (Figure 5f ). Furthermore, we did not observe clear differences in sex ratio or eclosion 652 (Supplementary Figure S8a-g and Supplementary Table S18-S20), nor did we observe a significant 653 effect in the climbing activity of the F10 generation flies (Figure 5g and Supplementary Figure S9) . 654
The lack of clearly negative fitness effects linked to this complete GRD may be an aberration, 655 which is why we aimed to more systematically assess the phenotypic impact of GRDs. To do so, we 656 systematically screened GRDs for any association with previously published fitness traits (see Methods  657   section) . Surprisingly, we did not observe any strong phenotypic associations, since out of the 29 fitness 658 phenotype groups that were tested among eight groups (haplotype enrichment in 4x mito-nuclear allelic 659
combinations and 2x top and bottom groups) in 1,845 GRDs, we only detected three significant hits. In 660 these cases, paraquat resistance in females 42 was associated with GRDs from the alternate allele of 661 chrM:7424_G/A (MH7) and three nuclear reference alleles (2/3 were in LD). The nuclear variants were 662 all intronic and, interestingly, the genes associated to them were rutabaga and REPTOR. The latter is 663 of interest since knockdown of REPTOR, a repressor of the TORC1 complex, has been linked with 664 decreased starvation resistance in Drosophila 43 . 665 666
Integration of mitochondrial haplotypes in phenotype association analyses 667
Whereas GRDs appeared to have limited functional impact, individual mitochondrial variants may still 668 contribute to phenotypic variation. To formally address this possibility, we investigated the role and 669 impact of mitochondrial variation and population structure in genome-wide association (GWA) analyses 670 for a compendium of >600 publicly accessible DGRP phenotypes that we assembled for this purpose, 671 and that we reduced to 259 non-correlated, independent phenotype groups (Methods). Out of 231 672 mitochondrial variants, we only considered 34 since the latter passed the threshold of a MAF >0.05 673 based on the total number of lines sequenced, often resulting in 8 lines, adding to the statistical power 674 (Figure 3d ). Since we showed that these variants effectively reflect the haplotypes found via the TCS 675 method, we decided to simplify the envisioned analyses and to explore associations between the 259 676 stipulated phenotype groups and the mitochondrial haplotypes as explanatory variables. We applied a 677 two-stage procedure to detect differences in phenotypic means between haplotypes. First, we applied 678 a relatively lenient ANOVA test to each phenotype group to filter phenotypes that are potentially 679 influenced by mitochondrial haplotypes. Second, if the focal phenotype passed our initial screen, then 680
we applied the TukeyHSD test to identify the significant pairwise differences between phenotype means 681 of haplotypes after which the p-values were adjusted for multiple testing. Using this approach, we 682 identified 12 phenotypes with a significant difference between at least one pair of haplotypes ( Figure  683 6a and Supplementary Table S13 ). Most notably, metabolism-related phenotypes such as food intake 684 in males 34 (MH1 vs MH5/iso-1, p = 0.04), waking activity CVE 44 (MH8b vs MH3, p = 0.02), and amount 685 of triglycerides on high glucose diet 45 (MH2 vs MH7a, p = 0.04) were among the top significant hits. 686
To experimentally validate the findings of the haplotype-based association analysis, we focused 687 on food intake in males given that the two haplotypes (MH1 and MH5/iso-1) were also at the extreme 688 ends of the phenotype distribution (Figure 6b) . Interestingly, we observed that the effect size of the 689 21 MH1-MH5/iso-1 mitochondrial haplotypes (1.76, CI = 0.7-2.81) is higher than most of the detected 690 nuclear variants in the reference study by Garlapow et al. (2015) 34 and lies in the 97th quantile of the 691 absolute effect size distribution of nuclear variants (min = 1.095, max = 2.325, median = 1.275) 34 . This 692 provides further support to our postulate that the mitochondrial genome influences food intake. It must 693 be noted, however, that the effect size calculations could be misrepresented given that we were able 694 to employ 13 groups (haplotypes) versus only 2 groups (REF vs. ALT allele) in the association analyses. 695
First, we assessed whether we could reproduce the food intake measurements reported by 696 Garlapow et al. (2015) 34 for selected lines from the phenotypic extremes (Figure 6c) . In general, our 697 results largely recapitulated those of the reference study 34 . To test whether we could increase the food 698 intake of low phenotype lines by swapping their mitochondrial genomes with those of high food intake 699 lines, we selected two high food intake lines and two low food intake ones which we crossed with 700 between haplotypes and within haplotypes. We measured the food intake of the F1 and found that the 701 presence of mitochondria linked to high food intake indeed induced higher food intake in otherwise low 702 food intake lines and that the pooled effect of the crosses was significant (p < 1×10 -3 ; ANOVA and 703 THSD; Figure 6d ). Furthermore, we found that the effect size for the mitochondrial haplotypes is 1.3 704 (Cohen's d) and thus marginally larger than the median effect size of the nuclear variants. Since this 705 assay was performed in males, it is possible that there is an effect from the X chromosome from either 706 of the haplotype lines, although no significant X-linked variants were associated with high or low food 707 intake by Garlapow et al. (2015) 34 . In sum, when considering the raw difference in food intake between 708 the F1 crosses, then we observed an average difference in food intake of 0.234 µL per fly as a result 709 of mitochondrial haplotypes. Thus, using food intake in males as an example phenotype, these results 710 demonstrate the value of integrating mitochondrial haplotypes in association studies to inform on the 711 genetic determinants of quantitative traits. 712 713 Discussion 714
The Drosophila Genetic Reference Panel (DGRP) has been used to identify nuclear genetic 715 determinants for many traits, but the effect of mitochondrial variation has remained largely unexplored. 716
Here, we expanded on current knowledge of mitochondrial variation in the DGRP by sequencing the 717 mitochondrial genomes of 169 DGRP lines using a robust and efficient mtDNA-enriched sequencing 718 method. With this method, we were able to generate a high-resolution catalogue of mitochondrial 719 genomic variants. In comparison to Richardson et al. 2012 11 , we detected 51% more mitochondrial 720 variants, totalling 231 variants in the coding regions of the mitochondrial genome of the DGRP. It is 721 unlikely that any of these new variants occurred de novo in our lab and became fixed, given that multiple 722 newly detected variants are present in higher allele frequencies. Genes that were more affected by 723 missense than synonymous variants were mt:ATPase6 and mt:Cyt-b. This is in line with earlier reports 724 for mt:ATPase6 46 and mt:Cyt-b 47 in which it was shown that in specific Drosophila melanogaster 725 populations, though not all 48 , both genes are more prone to amino-acid substitutions than in other 726 species, reflecting perhaps a greater tolerance to genetic variation. Finally, we resolved a particularly 727 challenging putatively heteroplasmic intergenic repeat region that Haag-Liautard et al. 2008 36 also 728 reported to be heteroplasmic at levels of up to 39% in mutation accumulation populations. In our study, 729
we found this region to be heteroplasmic in 120 DGRP lines at a median level of 28% of the reads 730 containing an alternate allele. The findings of Haag-Liautard et al. 2008 36 and our study suggest that 731 heteroplasmy at the population level in Drosophila is common, and that particular loci are more prone 732 to be heteroplasmic than others. 733
We resolved 12 mitochondrial haplotypes for DGRP which we validated based on their genetic 734 relatedness and permutation analyses. Nevertheless, we also observed that DGRP lines containing 735 particular haplotype defining mitochondrial variants were assigned to the Outgroup MH. This can be 736 attributed to the fact that the TCS method utilizes the entire mitochondrial genome rather than 737 estimating the relatedness solely on individual variants, and thus other variants may have been the 738 cause of this. Furthermore, we observed that certain mitochondrial variants were linked which is in line 739 with observations that recombination in the mitochondrial genome is low 12 . While the haplotypes are 740 indicative of population structure at the mitochondrial level, this would further suggest that this 741 population structure was already present at the time when the isofemale lines were established. 742
The nuclear and mitochondrial genome need to cooperate for a cell or organism to function 743 properly 2,3,49,50 . Given that we detected strong mitochondrial population structure, we investigated the 744 presence of genotype ratio distortions (GRDs) between nuclear and mitochondrial alleles. Overall, we 745 found 1,845 significant GRDs, a number that is far greater than that reported by Corbett-Detig et al. 746 2013 30 . However, their study focused on inter-chromosomal autosomal GRDs. Interestingly, we found 747 that these GRDs disproportionally favour particular mitochondrial haplotypes and that these haplotypes 748 in turn favour particular chromosomes. Moreover, many of the GRDs tend to form 'blocks' of multiple 749 nuclear variants along a sequence, indicating that the nuclear genome seems to be imprinted by the 750 population structure that is observed at the mitochondrial level. This can for instance be observed from 751 the large genomic haplotype-specific GRD blocks in the GRD landscape (some several megabases 752 23 long) and also notably at a smaller scale in the Sxl-GRD locus associated with haplotype MH1 and the 753 CG31886/rdgA-GRD with MH3). 754
Given the large number of GRDs, we also explored which genes or genomic regions are mostly 755 affected. We initially revealed a 40 kb region around the gene sex-lethal (Sxl) to be primarily linked with 756
GRDs. Alterations in Sxl can be pivotal to sex determination and can be lethal to females 51 . 757 Furthermore, Tower (2015) 52 postulated that Sxl is implicated in mitochondrial maintenance via dosage 758 compensation, suggesting that specific combinations of mitochondrial and Sxl-linked variants could 759 modulate mitochondrial homeostasis. Additionally, of the approximately 1,900 nuclear encoded genes 760 linked to a GRD, 120 were mitochondrial-associated (6.3%). This is roughly the same proportion as the 761 estimated mitochondrial-associated genes in the genome over the total number of genes (7.5%). We 762 therefore speculate that GRDs do not disproportionally affect nuclear encoded mitochondrial genes. 763
We assessed the functional relevance of these GRDs by experimentally analysing the effect of 764 one complete GRD, associated with MH3 and related to the gene CG3886, on development time and 765 climbing activity. Contrary to expectations, we observed a significant decrease in development time and 766 no significant difference in climbing behaviour commonly associated with mitochondrial function. These 767 results suggest that the imposed "unnatural" allelic combinations do not induce functional deficits. We 768 cannot exclude at this point that the utilized laboratory conditions may have masked certain effects or 769 that other, unexamined phenotypes could be affected. This is why we performed an additional 770 systematic phenotype-GRD correlation screen. However, despite the high number of detected GRDs, 771 we could again not find any strong signal besides the three associations with paraquat resistance in 772 females. One other possibility for the lack of strong phenotypic effects is that these GRDs are false 773 positives. This is unlikely though because our analysis was conservative in nature and both the 774 mitochondrial and nuclear variants used here were filtered out if the allele frequency was too low (MAF 775 > 0.05). Thus, if the GRDs are accurate, then there may be other reasons for this. 776
Specifically, we postulate that these GRDs appear in our analysis as the result of an initial non-777 lethal population structure, where a subset of isogenic females at the start of the collection had this 778 allelic combination of mitochondrial and nuclear variants. In other words, the detected GRDs may be 779 more likely the result of standing population structure when establishing the DGRP rather than 780 representing actual genomic incompatibilities. Indeed, the DGRP started off from a collection of more 781 than 1,500 isofemale lines, but through the process of full-sibling mating, only 200 remained viable and 782 could be maintained 53 . The current DGRP consists therefore mainly of robust fly lines that are not 783 affected by highly deleterious, fitness-reducing loci, which in turn may rationalize why we do not observe 784 large GRD-linked effects from the GRD-landscape. However, our results may also indicate that mito-785 nuclear GRDs have in general less influence on phenotypic variation compared to nuclear genomic 786 GRDs, which have already been shown to affect fitness traits such as development in This raises the question to which extent individual mitochondrial haplotypes actually impact on 792 phenotypic variation. While it has been shown that such haplotypes can affect life history traits 14 , a 793 systematic analysis investigating the extent of mitochondrial variation which underlies phenotypic 794 variation has so far been lacking, especially using controlled populations with a large number of 795 phenotypes. To address this, we performed a mitochondrial haplotype association analysis involving 796 259 uncorrelated phenotypes, which revealed 12 that contained haplotype pairs that significantly 797 differed from one another. Interestingly, a substantial proportion of these phenotypes are linked to 798 metabolism or stress response, which is intuitive because of the well-appreciated role that mitochondria 799 have in these biological processes 55, 56 . As a proof-of-concept, we validated these results on food intake 800 in males, demonstrating to our knowledge for the first time that mitochondrial haplotypes can affect 801 feeding behaviour, although in a sexually dimorphic fashion. 
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